Abstract Recently, it has been demonstrated that grass and cut grass are important sources of C6 esters' emissions into the atmosphere. The esters emitted as part of the wound defense mechanisms are responsible for the smell of freshly cut grass and are also highly photochemically reactive. Thus, these grass emissions should be included in models of urban photochemical pollution so that accurate smog predictions can be obtained. In this work, we have carried out a kinetic study of the gas-phase reactions of chlorine atom and hydroxyl radical with cis-3-hexenylformate (HCO 2 CH 2 CH 2 CH=CHC 2 H 5 ) for the first time. This was performed in a Teflon static reactor at room temperature and atmospheric pressure of nitrogen or air using gas chromatography with flame ionization detection. Kinetic rate coefficients obtained for cis-3-hexenylformate were (in units of cm 3 molecule -1 s -1 ) (2.45 ± 0.30) 9 10 -10 and (4.61 ± 0.71) 9 10 -11 for chlorine and hydroxyl radical reactions, respectively. The reaction between the ester and chlorine atoms is very fast, approaching the collisioncontrolled regime; nevertheless, the rate constant for the reaction with hydroxyl radical is lower. In addition, the rate coefficients for the reactions of cis-3-hexenylformate with different atmospheric reactive species were estimated through a Quantitative Structure-Activity Relationship model in which High Occupied Molecular Orbital energy of the formate is used as a theoretical molecular descriptor. Tropospheric lifetimes, based on the homogeneous sinks of the cis-3-hexenylformate, are estimated from the kinetic data obtained in the present work. The relatively short atmospheric lifetimes of the ester indicate that the compound will be oxidized near its anthropogenic origin source.
Introduction
The importance of the atmospheric chemistry of oxygenated volatile organic compounds (OVOCs) has lately increased due to their role in indoor pollution and secondary organic aerosol (SOA) formation, along with the potential toxicity of some of them and/or their degradation products (Kanakidou et al. 2005; Mellouki et al. 2003) .
C2-C7 esters are an important class of OVOCs which are extensively used as solvents (Grosjean and Grosjean 1999) and flavor scents in certain household goods (Pimentel et al. 2010) . The esters are also indirectly emitted as primary products of the atmospheric oxidation of ethers and directly emitted into the atmosphere from Electronic supplementary material The online version of this article (doi:10.1007/s13762-014-0686-9) contains supplementary material, which is available to authorized users.
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Faculty of Environmental Sciences and Biochemistry, University of Castilla La Mancha, Avenida Carlos III, s/n, 45071 Toledo, Spain e-mail: diana.rodriguez@uclm.es vegetation (Helmig et al. 1999) . Freshly cut grass is found to emit a complex mixture of C6 compounds (GLVs: Green Leaf Volatiles); C6-hexenyl compounds constitute 69 % of the volatile emissions of the cut grass (characterized by a ''freshly mowed lawn'' smell). The most abundant species, which made up about 40 % of the total, was cis-3-hexenyl acetate (CH 3 OC-OCH 2 CH 2 CH=CHC 2 H 5 ) (Kirstine et al. 1998 ). Studies such as Bicchi et al. 1989; Arey et al. 1991; Winer et al. 1992; König et al. 1995 show that one of the major ester emitted from vegetation is cis-3-hexenyl acetate. Together with cis-3-hexenyl acetate, several additional C6 esters such as cis-3-hexenylformate, trans-3-hexenyl formate, trans-3-hexenylacetate, cis-3-hexenyl n-butyrate, cis-3-hexenyl iso-valerate and one hexenyl hexanoate isomer were identified (Helmig et al. 1999) .
Tropospheric degradation of esters occurs via reaction with hydroxyl radicals (OH) during the daytime and with nitrate radicals (NO 3 ) at nighttime and ozone (O 3 ) during both day and night (Atkinson and Arey 2003; Martin et al. 2010) . The main source of OH radicals in the atmosphere is generally assumed to be the photolysis of O 3 that generates O( 1 D) atoms which are able to be quenched to ground-state oxygen atoms, O( 3 P), or react with water vapor to form OH radicals (Finlayson-Pitts and Pitts 2000) . It is also well known that the ozonolysis of alkenes and the photolysis of nitrous acid (HONO) can be important sources of OH radicals, particularly in urban areas (Paulson and Orlando 1996) ; (Donahue et al. 1998 ) and (Paulson et al. 1999) .
Until recently, the initiated chlorine atom (Cl) oxidation of non-methane volatile organic compounds (NMVOCs) was generally only considered to be significant in coastal and marine air environments and in the Arctic troposphere during springtime (Arsene et al. 2007) . It is because of the belief that the photolysis of chlorine containing compounds, generated in the heterogeneous reactions of sea-salt aerosols, was the main source of Cl atoms (Osthoff et al. 2008 and George et al. 2010 ). However, a recent field study shows the presence of nitryl chloride (ClNO 2 ), a gaseous photolytic Cl atom precursor, in continental regions far away from coastal and marine areas (Thornton et al. 2010; Phillips et al. 2012 ). These observations suggest that chlorine chemistry may possibly be ubiquitous in the atmosphere and play a significantly more important role than previously thought in the oxidizing capacity of the troposphere, particularly in the early morning. In urban environments, additional sources of Cl atoms due to industrial activities can exist; for example, in the vicinity of brick factories (e.g., heating of ceramic raw materials), concentrations of Cl atoms higher than the concentrations observed in marine coasts have been reported (Galáan et al. 2002) .
The rate coefficients of unsaturated esters with Cl atoms are over one order of magnitude larger than the corresponding OH reaction (when available in the literature) (Martín et al. 2010) . Thus, although the average tropospheric concentration of Cl atoms is much lower than that of OH radicals, the two reactions can compete in areas where the chlorine atom concentration is high enough.
In this work, we carried out a kinetic study of the gasphase reactions of Cl atom and OH radical with cis-3-hexenylformate in a Teflon static reactor at room temperature and atmospheric pressure with gas chromatography with flame ionization detection (GC-FID). Rate coefficients of the considered reactions have not been previously determined. In addition, the perturbation frontier molecular orbital (PFMO) Theory (Fleming 2009) has been employed to theoretically estimate the value of the rate coefficients of the reactions of cis-3-hexenylformate with different atmospheric radicals. A good understanding of the atmospheric oxidation processes of this unsaturated ester is needed to determine lifetime of this compound in the atmosphere and to assess the impact of these reactions on the formation of photo-oxidants and, therefore, on health and environment. This research has been carried out in the Department of Physical Chemistry, Faculty of Environment Science and Biochemistry, University of Castilla-La Mancha (Spain), from October 2011 to May 2012.
Materials and methods
A relative kinetic technique was used to determine the rate coefficients of the reactions of cis-3-hexenylformate with OH and Cl radicals. A detailed description of this technique and the appropriate mathematical kinetic analysis were previously reported at length by our laboratory (Rodríguez et al. 2012a, b) . All the relative-rate experiments were carried out in a 400 L Teflon bag housed in an isothermal cabinet with six fluorescent lamps (Philips TUV G13. 36W, k max = 254 nm) mounted on the walls. In the smog chamber experiments, unwanted loss of reactants and products via photolysis, dark chemistry and heterogeneous reactions has to be considered. The photolysis at 254 nm of trichloroacetyl chloride (CCl 3 COCl) or of H 2 O 2 was used to generate atomic chlorine and OH radicals, respectively. In this sense, Cl 2 was not used as source of Cl atoms since Cl 2 reacts with cis-3-hexenylformate in the dark. For each experiment, the total photolysis times were within 50-120 min.
Reagents were obtained from commercial sources at the following purities: cis3-hexenylformate (C94 %, Aldrich), trichloroacetyl chloride (99 %, Aldrich), hydrogen peroxide ([60 %, Fisher Chemical) , cyclohexane (99.9 %, Aldrich), octane ([99 %, Acros Organics), propene ([99 %, Aldrich) and 1-butene (C99 %, Aldrich). Synthetic air (99.999 %, Air Liquide) and N 2 (99.999 %, Air Liquide) were employed as bath gases for the experiments, and He (99.998 %, Air Liquide) was used as GC carrier gas. Liquid samples were degassed several times by trapto-trap distillation before use. Concentration ranges of reference compounds, ester, OH and Cl precursor, are given in Table 1 .
Decays of the ester and the reference hydrocarbon (reference) due to the reaction with the oxidant Cl or OH can be described by the following reactions:
where k ester and k ref are the rate coefficients for reactions of the oxidant with the cis-3-hexenylformate and the reference hydrocarbon, respectively. Considering that the ester and reference hydrocarbon were lost only by reactions 1 and 2, it can be shown that:
where relies on the assumption that cis-3-hexenylformate and the reference compound were removed solely by reaction with the oxidant (Cl or OH). For each mixture of the organics compounds, a number the injections, usually 10, of the unreacted mixture were carried out to obtain an estimate of the precision associated with the measurements in order to carry out the error analysis. The standard deviations (2r) of these replicate injections were typically 2 % for the ester and 1-2 % for the reference compounds. These measurements also included the losses with the walls of the reaction bag, and this set of experiments was performed three to six times on different dates, changing the reactants' concentrations. The reproducibility of the results shows that the wall losses of the reactants were not significant.
The decay of the ester and reference compound concentrations was followed using gas chromatography with flame ionization detection, GC-FID (Shimadzu 2010). Gas sample from the bag was injected using a port gas sampling valve (Valco Instruments Co. Inc) into a split/ splitless injector. The GC was equipped with a capillary column (size: 30 m 9 0.32 mm 9 1lm. Meta.X5 Teknokroma) maintained isothermal at 100°C, for the reaction with Cl atoms and 150°C for the reaction with OH radical. The injector was run in the split mode (ratio 1:10), and the pressure was set to 75.4 kPa for the reaction with Cl atmos and 82.3 kPa for the reaction with OH radical. The mobile phase was He with a flow velocity of 34 cm s -1 . The injector and detector temperatures were 200 and 300°C, respectively, for the reaction with Cl atoms and 300°C for both in the reaction with OH radical.
Theoretical methodology
The reactivity of series of structurally similar organic compounds can be predicted on the basis of PFMO theory (Fleming 2009). Rate constants of organic compound reactions with radicals have been correlated with the energy gap, DE, between the highest occupied molecular orbital (HOMO) of the organic molecule and the singly occupied molecular orbital (SOMO) of the electrophilic species. For the reactions of different monoalkenes and dialkenes with OH, Cl, NO 3 and O 3 , the following correlations have been reported:
where k is the rate constant, E SOMO and E HOMO correspond to the energies of the SOMO of the radical and HOMO of the alkene, and a and b are constants reported for each kind of reaction (King et al. 1999 and Timerghazin and Ariya 2001) . Nevertheless, if E SOMO value can be considered constant for each radical, the Eq. (4) can be reduced to:
To predict a theoretical value for the rate coefficient of the reactions of cis-3-hexenylformate with different atmospheric radicals through Eq. (5), E HOMO was calculated for cis-3-hexenylformate at the HF/6-31G** using the Gaussian09 (Rev. C.01) set of programs (Frisch et al. 2009 ). An initial conformational analysis was carried out for the reagent to obtain the lowest energy conformation. The nature of the stationary points was assessed by means of the normal vibration frequencies calculated from the analytical second derivatives of the energy.
Results and discussion Figure 1 shows plots of the loss of cis-3-hexenylformate versus reference compounds following exposure to Cl/OH radicals at room temperature and atmospheric pressure of air or N 2 . As expected for these relative-rate plots (Eq. 3), straight lines with a zero intercept were obtained, showing in all cases a good linearity. The slopes were calculated using a linear least-square analysis.
For the reaction with Cl atoms and under our experimental conditions, OH radical formation is possible via secondary reactions involving O 2 (Kaiser and Wallington 1996) . To test the potential systematic errors due to OH reacting with the ester or reference compounds, separate sets of experiments were carried out for all organic pairs using air or N 2 as the bath gas. The obtained results, in all cases, were independent of the bath gas used. The good agreement between the results for Cl with cis-3-hexenylformate in both air and N 2 shows that the kinetic rate determinations were independent of the bath gas used and that the possible inference by any other OH radicals formed when using air as diluent gas was negligible. For such reasons, we report here the averages (with errors ± 2r) of the rate constants for both bath gases and for all the reference compounds used (see Table 1 ). Table 1 summarizes the rate coefficients determined in this work for the reactions of Cl atoms and OH radical with the unsaturated ester. To obtain the ratio k ester /k ref , we use a linear regression that takes into account errors in both the abscissa and the ordinate (Brauers and Finlayson-Pitts 1997) . Since the accuracy of the ester's rate constant directly depends on the accuracy of the reference rate constant, it is critical to choose an accurate reference rate constant for the determination of kinetic parameters of cis-3-hexenyl formate reactions. Problems as the Cl/OH reaction rate constants are similar in magnitude to the expected rate constants of the studied ester or that the specie possess an un-appropriate retention time are usually found. In the present work, the organic reference compounds used in the study of the reaction with Cl atoms were cyclohexane, n-octane and propene, whose rate constants for their reactions with Cl were taken from the values reported by Li and Pirasteh (Li and Pirasteh 2006) (2.91 ± 0.31) 9 10 -10 cm 3 molecule -1 s -1 and (3.22 ± 0.36) 9 10 -10 cm 3 molecule -1 s -1 for cyclohexane and octane, respectively; and Stutz et al. (Stutz et al. 1998) , (2.31 ± 0.29) 9 10 -10 cm 3 molecule -1 s -1 for propene. For the OH reaction, reference compounds were cyclohexane, 1-butene and n-octane, whose rate coefficients were (6.97 ± 0.86) 9 10 -12 cm 3 molecule -1 s -1 (Saunders et al. 1994 ), (3.10 ± 0.40) 9 10 -11 cm 3 molecule -1 s -1 (Vakhtin et al. 2003 ) and (8.88 ± 0.31) 9 10 -12 cm 3 molecule -1 s -1 , respectively. As (Error is 2r) can be seen in Table 1 , there is good agreement between the rate coefficients obtained using the different reference compounds. Therefore, the rate coefficients for the reaction of Cl/OH with the ester are the averages of all determinations i.e., reference organic compounds and bath gas. The reaction between unsaturated ester and Cl is very fast (2.45 ± 0.30) 9 10 -10 cm 3 molecule -1 s -1 , approaching the collision-controlled regime; nevertheless, the rate constant for the reaction with OH radical is lower, (4.61 ± 0.71) 9 10 -11 cm 3 molecule -1 s -1 . In general, Cl atoms and OH radicals have similar mode of attack in their reaction with organic compound, attack by Cl atoms being faster and somewhat less selective than attack by OH radicals; however, the subsequent chemistry is similar. Up to our knowledge, no previous kinetic data are available for these reactions, and therefore, no direct comparison with the literature can be made. However, we can compare our rate coefficient values with the available literature data for reactions of other unsaturated esters with Cl atoms and OH radicals, see Table 2 .
Thus, the reaction of OH with cis-3-hexenylacetate, unsaturated ester similar to the studied in this work, was previously studied by Atkinson et al. 1995 . Rate coefficient of this reaction (7.84 ± 1.64) x10 -11 cm 3 molecule -1 s -1 , even though being lightly high, is in relative good agreement with our value (4.61 ± 0.71) x10 -11 cm 3 molecule -1 s -1 . This small difference, within experimental errors, may be attributed to the use of a unique reference compound (trans-2-butene) in the work of Atkinson et al. For some unsaturated esters (see Table 2 ), the rate reaction with OH radicals is within (1-5) 9 10 -11 cm 3 molecule -1 s -1
. The reactivity increases by the presence of electron-donating substituent, i.e., the positive inductive effect of the alkyl groups (-CH 3 and -CH 2 -groups) in the unsaturated esters increases the charge density on the double-bonded carbon atom, which is indicative of an electrophilic addition mechanism. This can be seen in Table 2 (Teruel et al. 2012) . As is shown in these examples, this enhancement is higher when the H atom attached to olefinic is substituted by a -CH 3 group than by a -CH 2 group. This behavior is observed on both sides of the ester entity: Table 2 ). In this way, the cis-3-hexenylformate has a rate constant with OH radicals higher than the rate constants of the vinyl or allyl acetate, since the ester studied in this work has -CH 2 CH 2 and -CH 2 CH 2 CH 3 groups on both sides of the double bond, which increase the rate reaction due to the positive inductive effect of these groups. It is clear from Table 2 that the olefinic units of the esters are more reactive toward Cl than OH and that the effect of substituents on the reactivity of the olefinic unit toward Cl atoms is much less important than that for OH reactions. The rate constants for the reactions of Cl atoms with unsaturated esters are close to the gas kinetic limited value from gas collision theory (Blanco et al. 2006; Teruel et al. 2009; Blanco et al. 2009b, c; Martín et al. 2010; Teruel et al. 2012; Colomer et al. 2013 ). Thus, the reaction probability of Cl atoms with unsaturated esters is high, and the chemical structure consequently plays only a limited role in determining the magnitude of the rate coefficient in comparison with OH radicals, whose rate constants with the same unsaturated esters are at least an order of magnitude higher. Therefore, comparing the reactivity of the different esters of the Table 2 toward the Cl radicals, it can be seen that the reactivity (rate coefficient) is slightly influenced by the increasing substitution at the C=C double bond by -CH 2 and -CH 3 groups. On the other hand, it is also interesting to compare the reactivity of the cis-3-hexenylformate toward OH/Cl radicals with the corresponding alkene. The value obtained in this work for the rate constant of cis-3 hexenylformate with OH is similar to that found in the literature for the similar structured alkene, cis 3-hexene, k = 6.3 9 10 -11 cm 3 molecule -1 s -1 (Grosjean and Williams 1992) . This indicates that the reaction of OH with unsaturated esters proceed essentially by OH addition to the double bond (Le Calvè et al. 2000) . Comparison reactivity between the corresponding formate and alkene cannot be made for Cl radical since the rate coefficient of 3-hexene ?Cl reaction has not been studied yet.
Regarding atmospheric implications of this work can be obtained from a comparison of the lifetimes (s = 1/ (k[oxidant])) of the cis-3-hexenylformate with respect to gas-phase removal by reaction with the tropospheric oxidant such as OH, NO 3 , O 3 and Cl atoms. Unfortunately, no kinetic data are available for the reaction of this compound with O 3 and NO 3 radicals, but the corresponding rate coefficients have been estimated by using Eq. (5) and considering the addition to the double bond as the main reaction mechanism.
HOMO energy calculated for cis-3-hexenylformate at the HF/6-31G** level was -9.53 eV, and the rate coefficients estimated for the reactions with OH, NO 3 , O 3 and Cl are collected in Table 3 , (detailed information on the geometry and vibrational frequencies calculated for cis-3-hexenylformate is shown in Supplementary Information). The rate coefficient estimated for the OH reaction is consistent with the experimental value (8.0 % of deviation), while the value estimated for Cl reaction is about twofold of the experimental one. As expected, the reactions with NO 3 and O 3 must be considerable considerably slower than the corresponding reactions with OH and Cl.
For the estimation of the tropospheric lifetimes of the formate with respect to reaction with OH, NO 3 , O 3 and Cl, the following average oxidant concentrations were considered: 10 6 radical cm -3 for OH radicals (Bloss et al. 2005) , 5 9 10 8 radical cm -3 for NO 3 radical (Atkinson and Arey 2003) , 7 9 10 11 molecule cm -3 for O 3 (Logan 1985) and 5 9 10 3 atom cm -3 for chlorine atoms (Pszenny et al. 1993; Wingenter et al. 1996) . Table 3 summarizes the lifetimes estimated from both the experimental and theoretical rate coefficients obtained in this work for the reactions of the formate with OH, NO 3 , O 3 and Cl.
It is clear from these data that the reactions with OH and NO 3 radicals should play a major role in the atmospheric destruction of cis-3-hexenylformate. Lifetimes estimated for the reaction with O 3 are about three times the corresponding to the reactions with OH and NO 3 , and hence, the role of O 3 in the oxidation of cis-3- hexenylformate should not be wholly discarded. On a global scale, oxidation initiated by Cl atoms will not compete with that initiated by more abundant radicals such as OH and NO 3 . However, reactions of Cl atoms are, in general, faster than the corresponding ones with OH and NO 3 radicals, which make these reactions potentially important in areas where the atomic chlorine concentrations are high. In this regard, recent studies suggest that in the early morning, the production rate of the Cl atoms exceeds the production of OH from 2 to 3 h after sunrise due to high concentrations of ClNO 2, (Osthoff et al. 2008; Thornton et al. 2010; Mielke et al. 2011; Phillips et al. 2012) . In this respect, Cl concentration of *10 6 molecule cm -3 was estimated from the concentrations and photolysis rate of ClNO 2 in early morning air masses (Osthoff et al. 2008 ). Under such conditions, the lifetime of cis-3-hexenylformate with respect to this oxidant would be *1 h, and therefore, the reaction of Cl atoms with the formate may constitute a competitive channel for its atmospheric removal. Loss by photolysis can be considered negligible since it is photolytically stable in the actinic region of the electromagnetic spectrum (Blanco et al. 2009a ). The other possible atmospheric loss processes for esters are dry and wet depositions. Both will be less important since these compounds are highly volatile and sparingly soluble in water. Their Henry's law solubility constant at 298 K was estimated to be around 10 M atm -1 (Kutsuna et al. 2005) .
The relatively short atmospheric lifetimes of the ester due to reaction with the studied radicals indicate that the compound will be oxidized near its emission source where can contribute to the formation of O 3 and other photo-oxidants (Blanco et al. 2010) . Consequently, this emission will have mainly a local impact concerning the photochemical smog production. Therefore, further studies on the product distributions, rate temperature dependence, need to be performed for a better understanding of its contribution to photo-oxidants and SOA formation in the atmosphere.
Conclusion
We have used a smog chamber/GC-FID to study rate constants of the reactions of the cis-3-hexenylformate with OH radicals and Cl atoms at 298 K and atmospheric pressure for the first time. cis-3-hexenylformate is expected to have short atmospheric lifetimes due to its high gasphase reactivity with Cl and OH radicals and may actively contribute to the smog formation mainly in areas near to its anthropogenic sources. According to the reactivity of unsaturated esters observed in other studies, an initial addition step of the Cl/ OH radical to the double bond of the ester and subsequent reactions of the radicals formed are expected. However, more information is necessary in order to propose detailed mechanisms, so further experiments to study the products of both reactions would be desirable.
